Herpesvirus of turkeys (HVT) is an ideal viral vector for the generation of recombinant vaccines against a number of avian diseases, such as avian influenza (AI), Newcastle disease (ND), and infectious bursal disease (IBD), using bacterial artificial chromosome (BAC) mutagenesis or conventional recombination methods. The clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 system has been successfully used in many settings for gene editing, including the manipulation of several large DNA virus genomes. We have developed a rapid and efficient CRISPR/Cas9-mediated genome editing pipeline to generate recombinant HVT. To maximize the potential use of this method, we present here detailed information about the methodology of generating recombinant HVT expressing the VP2 protein of IBDV. The VP2 expression cassette is inserted into the HVT genome via an NHEJ (nonhomologous end-joining)-dependent repair pathway. A green fluorescence protein (GFP) expression cassette is first attached to the insert for easy visualization and then removed via the Cre-LoxP system. This approach offers an efficient way to introduce other viral antigens into the HVT genome for the rapid development of recombinant vaccines.
Introduction
Marek's disease (MD) is a lymphoproliferative disease of chickens induced by serotype 1 (Gallid Herpesvirus 2 [GAHV-2]) of the genus Mardivirus in the subfamily of Alphaherpesvirinae. Mardivirus also includes two nonpathogenic serotypes: serotype 2 (GaHV-3) and serotype 3 (MeHV-1, historically known as HVT) which are used as vaccines against MD. Live HVT vaccine (FC-126 strain) is the first generation of MD vaccine used in the early 1970s and is still being used widely in bivalent and polyvalent vaccine formulations to provide an enhanced protection against MD. HVT is also widely used as a vaccine vector to induce the protection against a number of avian diseases due to its versatility and safety for both in ovo and subcutaneous hatchery administration and capability to provide a lifelong immunity. The strategy to generate recombinant HVT vaccines is based on either conventional homologous recombination in virus-infected cells, overlapping cosmid DNAs, or BAC mutagenesis 2 . However, these methods are generally time-consuming and labor-intensive, requiring the construction of transfer vectors, the maintenance of the viral genome in Escherichia coli, plaque purifications, and the removal of the BAC sequence and selection marker from the edited viruses 3, 4 . CRISPR/associated (Cas9) is the most popular gene editing tool in recent years due to its versatility and specificity. The CRISPR/Cas9 system has been successfully used in the efficient generation of genetically modified cells and animal models 5, 6, 7, 8, 9, 10 , as well as in the manipulation of several large DNA virus genomes 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 . After reporting a simple and efficient method using the CRISPR/Cas9 system to edit the HVT genome 21 , we developed a pipeline for the rapid and efficient generation of recombinant HVT 22 .
In order to extend the potential application of this method, we describe the detailed methodology for the generation of recombinant HVT vaccine expressing the VP2 gene of IBDV at the UL45/46 locus in this report. The approach combines NHEJ-CRISPR/Cas9 to insert the VP2 gene tagged with GFP reporter gene and a Cre-LoxP system to remove the GFP expression cassette later. Compared to traditional recombination and BAC recombineering techniques, we demonstrate that NHEJ-CRISPR/Cas9 together with a Cre-Lox system is a rapid and efficient approach to generate recombinant HVT vaccine.
. Align the guide-RNA target sequence against the HVT genome to rule out any potential off-target sequences in the HVT genome. Synthesize and clone the gRNA sequence targeting UL45/46 region and sg-A sequence from published data 23 into pX459-V2 as described previously 22 . Verify the cloned gRNA sequence by Sanger sequencing using the U6-Fwd primer 24 .
2. Construction of donor plasmid 1. To generate a donor plasmid containing the VP2 expression cassette tagged with a removable GFP reporter cassette, design oligos Donor-F and Donor-R containing the following elements ( Figure 1A and Figure 3A) : an sg-A target sequence at both ends, a PacI site flanked with two LoxP sequences for the GFP reporter cassette cloning and excision, and two SfiI sites for the cloning of the VP2 expression cassette. 2. Clone the sequence into a pGEM-T-easy vector and, then, clone the GFP and VP2 gene cassettes into the resulting vector to generate the donor plasmid designated as pGEM-sgA-GFP-VP2
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. NOTE: Any cloning vector can be used to construct donor plasmid.
3. Plasmid DNA preparation 1. Prepare both donor plasmid and Cas9/gRNA expression plasmid DNAs using a commercial DNA extraction kit according to the manufacturer's instructions.
CRISPR/Cas9-mediated Knock-in: Transfection and Infection
1. The day before transfection, prepare chick embryo fibroblasts (CEFs) for the transfection/infection, using 10-day old embryos in M199 medium supplemented with 5% fetal bovine serum (FBS), 10% tryptose phosphate broth, 100 U/mL penicillin-streptomycin, and 0.25 µg/mL fungizone. Seed 1.3 x 10 6 cells per well into each well of a 6-well plate in 2.5 mL of medium. 2. Sequencing of the VP2 gene 1. Amplify the DNA sequence spanning the UL45 and UL46 intergenic region with high-fidelity DNA polymerase and primers UL45-F1 and UL46-R1 (Table 1) to detect the whole insertion. 2. Prepare the following 50 µL reaction mix: 5 µL of 10x Pfx Reaction Mix, 1.5 µL of 10 µM upstream and downstream primer mix, 1 µL of 10 mM dNTP mix, 1 µL of 50 mM MgSO 4 , 1 µL of DNA template, and 0.5 µL of Pfx DNA polymerase, and add nuclease-free water to 50 µL. The amplification program is: 95 °C for 2 min; 95 °C for 15 s, 55 °C for 30 s, and 68 °C for 3 min for 35 cycles. Load all of the PCR product to 1% agarose gel for gel electrophoresis. 3. Purify the PCR product following the instruction of a DNA gel purification kit. Send 10 µL of the PCR product (30 ng/µL) to a sequencing company to confirm the knock-in of the VP2 gene.
Stability of the Recombinant Virus
1. Seed 2.6 x 10 6 CEF cells into each T25 flask the day before the virus expansion.
2. Thaw at least three positive clones from step 5.2; add one vial of cells/viruses into each T25 flask. Incubate at 38.5 °C with 5% CO 2 until a 50% cytopathic effect is observed. . The whole process, from gRNA design and donor construction to obtaining the purified recombinant HVT virus, can be achieved within 1 month. The critical steps for successful recombinant HVT generation include the highefficiency gRNA selection for targeting the viral genome to ensure efficient cleavage for the foreign gene insertion, the high transfection efficiency to maximize the chance for Cas9/gRNAs and the virus to meet in the same cell for editing, and the 12 hour interval between the transfection of the donor and gRNA plasmids and the viral infection to allow Cas9 and gRNA to be expressed at a reasonable level before the virus gets into the cells.
The limitation for the HVT recombinant generation is the complexity of the identification of GFP-positive clones by junction PCR. The GFP-VP2 cassettes could be inserted in either orientation. The junction PCR described here is only for the identification of the insert in the sense orientation. In case of the insert in antisense orientation, PCR using the primer pairs described would not work, and the internal primers could be swapped for this purpose. Another potential problem is that the donor construct can only be used for one gene insertion in the same virus due to the existence of the remaining LoxP sequence after the GFP removal by Cre treatment. A new donor construct with a variant LoxP sequence could be used instead for a multiple insertion purpose.
NHEJ and HDR (homology-directed repair) are the two pathways to repair the double-stranded breaks (DSBs) created by Cas9 26, 27 . NHEJ is more efficient as it occurs throughout the cell cycle 28 , whereas HDR is less efficient and only occurs during S and G2 phases 6, 29, 30 . We exploited the more efficient NHEJ repair pathway here to introduce the foreign genes into the targeted locations. Although the NHEJ repair may introduce indels by joining noncompatible or damaged DNA ends through a homology-independent mechanistically flexible process 31, 32 between the cleaved donor sequence and genomic DNA, the indels can only occur at the cleavage sites of sgA, and the foreign gene-expression cassette is not affected. Another advantage of this approach is that NHEJ is free from the restriction of homology arm construction, making the cloning step very straightforward. This prompts a great potential for the application of NHEJ for foreign gene insertion. The introduction of a universal gRNA target site at both ends of the foreign gene cassette makes the process more rapid as the donor template could be constructed straightaway with no need for the specific gRNA selection. The backbone of the donor plasmid containing sgA target sites, LoxP sites, and PacI and SfiI sites can also be shared widely between different reporter genes, foreign gene-expression cassettes, and different virus vectors, giving this new approach the advantage of customization.
The HVT-harboring VP2 insert was used to describe the protocol in this manuscript; however, the same approach can be used to insert more viral genes at different genomic locations of the HVT genome using the gRNA targeting the desired corresponding sequence for the development of multivalent recombinant HVT vectored vaccines. Other MDV vaccine strains, such as SB-1 and CVI988, other avian herpesviruses, including infectious laryngotracheitis virus and duck enteritis virus, and also other avian DNA viruses, such as pox viruses and adenoviruses, can also be engineered using the same approach for multivalent recombinant vaccine development. The development of new multivalent vectored vaccines using the CRISPR/Cas9 system platform described here will be highly beneficial for the poultry industry to protect against multiple poultry diseases.
